The normal progression of Saccharomyces cerevisiae through nuclear division requires the function of the amino-terminal domain of histone H4. Mutations that delete the domain, or alter 4 conserved lysine residues within the domain, cause a marked delay during the G2 +M phases of the cell cycle. Site-directed mutagenesis of single and multiple lysine residues failed to map this phenotype to any particular site; the defect was only observed when all four lysines were mutated. Starting with a quadruple lysine-to-glutamine substitution allele, the insertion of a tripeptide containing a single extra lysine residue suppressed the G2+M cell cycle defect. Thus, the amino-terminal domain of histone H4 has novel genetic functions that depend on the presence of lysine per se, and not a specific primary peptide sequence. To determine the nature of this function, we examined H4 mutants that were also defective for G2/M checkpoint pathways. Disruption of the mitotic spindle checkpoint pathway had no effect on the phenotype of the histone amino-terminal domain mutant. However, disruption of RADg, which is part of the pathway that monitors DNA integrity, caused precocious progression of the H4 mutant through nuclear division and increased cell death. These results indicate that the lysine-dependent function of histone H4 is required for the maintenance of genome integrity, and that DNA damage resulting from the loss of this function activates the RAD9-dependent G2/M checkpoint pathway.
Hendzel 1994), DNA replication and chromatin assembly [Perry et al. 1993) , and nuclear division {Mcgee et al.
1990}.
One way in which amino-terminal modifications might mediate dynamic changes in chromatin function is by serving as signals for other trans-acting regulatory factors (Tordera et al. 1993; Turner 1993} . For example, it is likely that Lys-16 in histone H4 must not be acetylated to assemble heterochromatin, perhaps by serving as a binding site for specific protein complexes (Johnson et al. 1990; Braunstein et al. 1993; Jeppesen and Turner 1993; Bone et al. 1994; Hecht et al. 1995) . A second way in which the amino-terminal domains might regulate chromatin function is through changes in higher order folding and compaction (Hansen and Ausio 1992; Wolffe 1994} . Nucleosomes reconstituted with core histones lacking their amino-terminal domains are unable to undergo normal chromatin compaction in vitro and the linker DNA between consecutive nucleosomes is apparently unable to bend, preventing the chain from folding (Allan et al. 1982; Garcia-Ramirez et al. 1992) . The ability of the amino-terminal domains to facilitate compaction may be regulated by lysine acetylation as highly acetylated histones are less capable of supporting chromatin condensation Ridsdale et al. 1990; Perry and Annunziato 1991; Hong et al. 1993; Krajewski et al. 1993) . The high positive charge of the amino-terminal domains may be important in shielding the negatively charged DNA phosphate backbone during compaction (Manning 1978; Widom 1986; Clark and Kimura 1990) . Hyperacetylation of histones H3 and H4 directly alters the linking number of circular minichromosomes reconstituted in vitro (Norton et al. 1989 , likely through subtle changes in core particle shape {Bauer et al. 1994) , and similar changes may be detected in vivo (Thomsen et al. 1991 ; but see also Lutter et al. 1992) . Thus, dynamic alterations in histone acetylation states are expected to play critical roles in the remodeling of chromatin that must accompany many nuclear processes.
Recent genetic experiments in yeast have defined several functional roles for histone H4 in vivo. The aminoterminal domain of H4 can be divided into two functional subdomains (Durrin et al. 1991) : (1) domain R, a sequence required for transcriptional repression; and (2) domain A, a region with pleiotropic roles in transcriptional activation, nuclear division, and sporulation. A summary of these two domains is shown in Figure 1 . Domain R was first identified as a basic region spanning residues 15-19 required for the transcriptional repression of the silent mating type loci HML and HMR (Johnson et al. 1990; Megee et al. 1990; Park and Szostak 1990) . Subsequent detailed mutagenesis showed that the repressor domain extended through residues 21-29 . In addition to transcriptional silencing of the mating type loci, domain R is also responsible for repressing telomere-proximal genes (Aparicio et al. 1991 ) and for directing nucleosome positioning adjacent to the or2 operator in response to the or2 repressor (Roth et al. 1992) . Single point mutations within the domain R are sufficient to eliminate repression. Thus, the molecular genetics of domain R are consistent with a signaling model involving specific proteinprotein interactions (Johnson et al. 1990; Hecht et al. 
1995).
Domain A comprises residues 1-16. These residues, and particularly the lysines at positions 5, 8, 12, and 16, have roles distinct from those of domain R. For example, the simultaneous replacement of these four lysines with neutral polar amino acid residues was found to cause a marked increase in the length of the G 2 + n periods of the cell division cycle (Megee et al. 1990) . Similar mutations were found to block sporulation in homozygous diploids (Park and Szostak 1990) and decrease transcriptional activation of GALl and PH05 (Durrin et al. 1991} .
The mechanism of action of domain A is not clear. In all cases, single point mutations were relatively ineffective in disrupting function (Megee et al. 1990; Park and Szostak 1990; Durrin et al. 1991) .
In the experiments reported here we have sought to better understand the role of domain A in chromosome dynamics. Our results indicate that, unlike domain R, the residues important for nuclear division cannot be mapped to a specific polypeptide sequence. Instead, the domain appears to function through lysine residues independent of primary amino acid sequence. Disruption of mitotic checkpoint pathways in domain A mutants revealed that the mitotic defect can be attributed to intrinsic DNA damage. These results define a novel function for H4 in the maintenance of genome integrity. Megee et al. 1990 ; (2) Durrin et al. 1991; (3) Park and Szostak 1990; (4) this study; (5) Megee et al. 1990; Park and Szostak 1990; Johnson et al. 1990 Johnson et al. , 1992 (6) Aparicio et al. 1991; (7) Roth et al. 1992; (8) 
Conserved lysines in domain A are functionally redundant
The amino-terminal domain of histone H4 has been highly conserved during evolution and contains 4 invariant lysine residues at positions 5, 8, 12, and 16. We have shown previously that the amino-terminal domain of histone H4, and these conserved lysine residues, are necessary for normal cell cycle progression through nuclear division (Megee et al. 1990; Morgan et al. 1991) . Both a deletion mutant lacking the complete amino-terminal domain of H4, and one in which the four conserved lysines are replaced by glutamines, grow significantly slower than wild-type cells because of an increase in the time spent traversing G2 +M. This phenotype is illustrated in Figure 2 . In this experiment exponentially growing cultures were analyzed by flow cytometry for their cell cycle distributions. From the D N A histograms shown in Figure 2 , it can be seen that the quadruple lysine mutant (hhfl-lO) has an abnormally high proportion of cells with a 2C D N A content. The percentage of cells in each phase of the cell division cycle was estimated from the D N A profiles, and an approximate measure of the lengths of each period was calculated using these percentages and the culture doubling times (Slater et al. 1977; Smith and Stirling 1988; Megee et al. 1990) . A s u m m a r y of the cell cycle data is shown in the diagram of Figure 3A . This analysis indicates that the slower growth of hhfl-lO cells is predominantly the result of a G 2 + M period that is nearly twice that of wild-type cells.
This strong G2 + M phenotype of hhfl-10 implies a novel role of the H4 amino-terminal domain in chromosome dynamics and nuclear division.
As a first step toward a better understanding of this function, we sought to determine which of the four lysines was responsible for the phenotype. Our model for these experiments was the successful genetic mapping of domain R to include residue Lys-16 (Johnson et al. 1990; Megee et al. 1990; Park and Szostak 1990) . Single and multiple substitutions in the conserved lysine residues at positions 5, 8, 12, and 16 were made by oligo-directed mutagenesis, changing individual lysine residues to neutral polar glutamine residues. Isogenic strains differing only in their H4 alleles were then obtained by integration of the mutant construct at the chromosomal copy-I locus by one-step gene replacement (see Materials and methods). Cell cycle progression in these mutants was then analyzed by flow cytometry.
An initial analysis of several single point mutants did not detect any defect in G2 + M (data not shown). Therefore, we focused on a collection of multiple substitution mutants. The doubling times and cell cycle profiles of four double glutamine substitution mutants are summarized in Figure 3B . Each mutant had a doubling time comparable to an isogenic wild-type control strain and each exhibited a normal G2 + M cell division cycle period. The results for all four possible triple substitution mutants are shown in Figure 3C . All four of these also grew with approximately wild-type doubling times and showed normal progression through G2 + M. Thus, unlike the silent mating type repressor function, the G2+M delay phenotype of hhfl-lO failed to map to a specific peptide region. These results indicated that any single lysine residue, regardless of its position within the amino-terminal domain, could provide the function necessary for normal cell cycle progression.
Domain A mutants are suppressed by lysine insertions
We reasoned that if the G2 + M function of domain A did not require a specific peptide sequence, then simply inserting a lysine residue into the quadruple glutamine substitution allele should revert the cell division cycle delay phenotype. To address this hypothesis, two new H4 alleles were constructed by oligo-directed mutagenesis. Each allele contains an insertion of the tripeptide G-K-G into the amino-terminal domain of hhf1-10 either after position 3 (hhfl-25) or after position 13 (hhfl-35) . A comparison of the predicted protein sequences of these two insertion alleles with those of wild-type H4 and hhfl-lO is shown in Figure 4 . Because the amino-terminal domain is anchored within the nucleosome by the structure of the carboxy-terminal histone fold (Arents and Moudrianakis 1993) , the result of amino acid insertions into the domain is to shift the sequence in the Sequences are aligned with respect to the histone fold within the carboxy-terminal domains (Arents et al. 1991) , and the first 20-23 residues for each allele are shown. Lysine residues are highlighted in black, and glutamine substitutions are highlighted in gray. The three amino acid insertions are enclosed within a rectangle.
amino-terminal direction. In the case of hhfl-25, the insertion sequence places a lysine at a new position relatively more distant from the core than any lysine present in the wild-type protein. In the case of hhfl-35, the insertion places a lysine residue at the same relative position as Lys-12 in the wild-type nucleosome, but shifts the positions of the upstream amino acids, thus destroying any primary sequence alignment that might be necessary for function.
The results of cell cycle assays on these mutants are summarized in Figure 3D . Both insertions completely revert the G2 + M cell cycle delay phenotype of hhfl-lO.
The culture doubling times and cell division cycles of hhfl-25 and hhf1-35 mutants are essentially identical to those of the isogenic wild type H4 strain and the previous double and triple glutamine substitution mutants. In contrast, the lysine insertions do not suppress defects in domain R. Because of the glutamine substitution at position 16, hhfl-lO is defective for silent mating-type repression and thus, is phenotypically sterile (Johnson et al. 1990; Megee et al. 1990; Park and Szostak 1990) . Both hhfl-25 and hhfl-35 remain sterile, indicating that they are both defective for the repressor function of domain R (see Fig. 1 ). Thus, the lysine insertion alleles provide a clear genetic separation of the functions of domain A and domain R.
An additional example of separate domain A and R functions became evident once all of the cell cycle data in Figure 3 were compiled. Although changes in the lengths of G2/M are the most obvious differences seen among the mutants, there are also significant differences in the lengths of G1. An examination of the patterns revealed that a short G~ period is correlated with a glutamine substitution at position 16, thus mapping the phenotype to domain R. This phenotype is independent of the G2/M delay of domain A mutants. The function of domain R in G1 can be seen by comparing the cell cycle profiles of HHF1 with hhfl-lO (Fig. 3A) , hhfl-32 with the other double substitutions (Fig. 3B) , and hhfl-22 with the other triple substitutions (Fig. 3C) . It is also supported by the comparison of hhfl-33 with hhfl-34 (Fig. 3E ), as Glnl6 is mutant for domain R function, whereas Argl6 has only a slight effect (Johnson et al. 1990; Megee et al. 1990; Park and Szostak 1990) ; that is, hhfl-33 is mutant for repression of the silent mating type loci and sterile, whereas hhfl-34 is not. On the basis of its known role in gene repression, these results predict that domain R normally acts to repress the full expression of one or more genes involved in the completion of G~.
The wild-type function of the amino-terminal insertion mutants was difficult to reconcile with our previous report that a quadruple lysine-to-asparagine H4 allele (hhfl-ll) was lethal (Megee et al. 1990) . A re-examination of that strain showed that it was an unintended frameshift mutant. The frameshift was caused by a rare base duplication in the specific oligonucleotide primer incorporated into that isolate during mutagenesis. Therefore, we reisolated the correct in-flame quadruple asparagine substitution allele and assayed its function.
The phenotypes of cells expressing an authentic hhfl-11
Cold Spring Harbor Laboratory Press on August 27, 2017 -Published by genesdev.cshlp.org Downloaded from allele are identical to those expressing hhfl-1 O, the quadruple glutamine mutant (data not shown). Thus, hhfl-11 is not lethal and its properties are consistent with those of the other domain A mutants.
Arginine cannot replace lysine for function
A simple model for the suppression of domain A mutants by hhfl-25 and hhfl-35 was that the inserted lysine merely restored a net positive charge above some threshold necessary for function. This model predicted that other positively charged amino acid residues might suppress the G2 + M division cycle defect. To address this question, additional H4 alleles were constructed in which three of the lysine residues were replaced by glutamine, whereas the fourth was replaced by arginine. In these constructs arginine was located at either position 5 (hhfl-33) or position 16 (hhfl-34) . Measurements of doubling times of isogenic strains differing only in the position of the arginine substitution showed that these strains grow significantly more slowly than strains retaining a lysine residue (Fig. 3E) . In both cases, cell division cycle analysis showed that the growth defect was attributable to an approximate doubling of the lengths of the G2+M periods. Therefore, arginine cannot substitute for lysine in domain A and these results rule out a simple model in which positive charge is sufficient for H4 function.
Domain A mutants activate the DNA damage checkpoint control pathway
The G2/M transition in Saccharomyces cerevisiae is regulated by at least two independent checkpoint pathways: one to monitor the integrity of the spindle apparatus (Hoyt et al. 1991; Li and Murray 1991) , and one to monitor the integrity of the DNA Hartwell 1988, 1990; Hartwell and Weinert 1989; Weinert et al. 1994) . If either the spindle or the DNA is damaged or incomplete, the appropriate checkpoint control pathway arrests cells before mitosis to allow repair before nuclear division. We reasoned that if expression of the hhfl-lO allele caused defects in the mitotic apparatus, such as loss of sister chromatid cohesion or spindle attachment, then disruption of the spindle checkpoint control pathway would eliminate the mitotic delay, giving continued cycling and increased cell death. Similarly, disruption of the DNA damage checkpoint would give cycling and cell death if DNA integrity was compromised in hhfl-lO mutants.
The B UB2 gene product is a component of the spindle checkpoint control pathway, and is required to arrest cells in G2 in response to defects in microtubule assembly {Hoyt et al. 1991). In a bub2 mutant, cells with spindle defects are unable to delay in G2 and undergo reinitiation of DNA replication and rapid cell death. As shown in Table 1 , in the presence of wild-type histone H4 there is no effect of a bub2 disruption on cell viability. This is the expected result, as BUB2 function is not evident in the absence of spindle or microtubule damage.
However, the bub2 gene disruption also has little if any effect on the viability of an hhfl-lO strain. The plating efficiency of the hhfl-lO bub2 double mutant was 69+_5% compared to 76+_5% for the isogenic hhfl-lO single mutant (Table 1) . Furthermore, the DNA histograms of the hhfl-lO mutant in the presence or absence of BUB2 gene function are indistinguishable (Fig. 5) .
Thus, it is unlikely that the G 2 + M cell division cycle delay is attributable to the activation of the spindle checkpoint pathway because of defects in the spindle apparatus.
A different result was obtained for the DNA damage pathway. RAD9 is one of a group of genes that monitors the integrity of cellular DNA and arrests cells in G2 in response to DNA damage (Weinert and Hartwell 1988; Weinert et al. 1994) or incompletely replicated chromosomes (Hartwell and Weinert 1989) . Disruption of rad9 had no effect in a wild-type histone H4 background. As shown in Table 1 , the plating efficiency of the rad9 strain is similar to the isogenic wild-type strain and there was no change in DNA histograms {data not shown). In contrast, in the hhfl-lO background, disruption of rad9 clearly behaved as expected for the loss of active checkpoint regulation. A comparison of the DNA histograms of the hhfl-10 rad9 double mutant with that of the hhfl-10 single mutant shows that there is an increase in the proportion of cells with a 1C DNA content in the absence of the RAD9 gene {Fig. 5). Measurements of plating efficiencies in the single and double mutants indicate that the viability of hhfl-10 decreases in the absence of the RAD9 checkpoint gene. As shown in Table 1, the number of viable cells in an exponentially growing culture decreased significantly from 76% for hhfl-10 to -4 8 % for the isogenic hhfl-10 rad9 double mutant (P= 0.008). These results show that the delay in cell division in hhfl-10 mutants is mediated by the RAD9 gene product and imply that there is a loss of genomic DNA integrity in the H4 mutant. In the absence of RAD9 function, the cells continue in the division cycle in the presence of damage and the inviable products of nuclear division then accumulate in the population as cells with a 1C DNA content.
RNA was analyzed for UBI4 mRNA levels by Northem blot hybridization. There is a clear increase in UBI4 mRNA levels in the cells with DNA damage (Fig. 6 , lanes 5-8). As predicted, hhfl-lO cells also have high levels of UBI4 mRNA compared to wild-type controls (Fig. 6, lanes 1,3) . Taken together, the genetic experiments and biochemical results suggests strongly that domain A function is required to maintain normal DNA integrity.
DNA integrity requires the lysine-specific function of domain A
The simplest interpretation of the mutant data is that the function of domain A in maintaining genome integrity is identical to the novel lysine-dependent function described earlier. There are two straightforward predictions of this model: (1) mutants expressing the lysine insertion alleles, such as hhfl-25, should not be affected by disruption of RAD9; and {2) these mutants should have low levels of UBI4 mRNA. To test these predictions, we constructed an hhfl-25 rad9 double mutant.
Domain A mutants activate damage-inducible gene expression
The DNA damage model for the cell cycle delay in hhfl-10 predicted that damage-inducible gene expression should be increased in the H4 mutant. To test this hypothesis, the levels of UBI4 mRNA were determined in isogenic strains expressing different histone H4 alleles. UBI4 encodes a polyubiquitin repeat and is under the control of the stress response regulatory network (Finley et al. 1987) , including response to DNA damage {Treger et al. 1988) . The results of these experiments are shown in Figure 6 . As a positive control, wild-type cells were treated with the DNA-damaging agent 4-nitroquinoline-N-oxide {4-NQO) for increasing lengths of time, and total Figure 6 . Northern blot analysis of UBI4 expression. Total RNA (10 ~g) isolated from isogenic strains expressing the indicated H4 alleles was subjected to agarose gel electrophoresis, transferred to a nitrocellulose membrane, and probed with 32p. labeled DNA encoding UBI4. RNA from a wild-type H4 {lane 1 ), hhf1-25 (lane 2), and hhfl-lO {lane 3) strains are shown. As a control for UBI4 induction, wild-type cells were treated with the DNA-damaging agent 4-NQO for 0 (lane 4), 30 {lane 5), 60 {lane 6), 90 {lane 7), or 120 min {lane 8). The nitrocellulose filter was then stripped and reprobed with a2P-labeled sequences encoding carboxypeptidase Y (PRCI) as a control for loading.
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Plating efficiencies of the double mutant and the isogenic hhfl-25 single mutant show that there is no loss in viability in the lysine insertion mutant in the absence of the RAD9 gene (Table 1 ) . Furthermore, the D N A histograms of the strains are indistinguishable (Fig. 7) . These results show that the presence of a single lysine residue reverts both the cell division cycle delay and the activation of the RAD9-dependent checkpoint. We then examined the levels of UBI4 m R N A in cells expressing the lysine insertion allele hhfl-25. As seen in Figure 6 (lanes  1-3) , hhfl-25 has low levels of UBI4 m R N A comparable to those of the isogenic wild-type control strain. Thus, an artificial lysine insertion is also capable of suppressing the activation of a damage-inducible gene, consistent with the proposed role of the amino-terminal domain in maintaining D N A integrity.
hhfl-10 is not defective in DNA repair
In principle, the DNA damage that activates the RAD9-dependent checkpoint in hhfl-IO could result from either an increase in intrinsic D N A damage, or a decrease in the repair of normal frequencies of damage. If hhfl-lO were defective in repair, the single mutant would be expected to be hypersensitive to ultraviolet (UV) or 7-irradiation. In screening for the various rad9 strains used in this study by radiation sensitivity we found that this was not the case {data not shown). However, to address this 
Discussion
The maintenance of genome integrity is essential for the transmission of genetic information and cells have evolved sophisticated mechanisms both to monitor and to repair DNA damage (Hartwell and Weinert 1989; Prakash et al. 1993; Wevrick and Buchwald 1993) . The results of the experiments reported here define a new role for histone H4 in maintaining the fidelity of genomic DNA. The evidence for this role derives from several observations. First, hhfl-lO activates the RAD9-dependent G2 checkpoint pathway, a pathway known to respond specifically to DNA damage (Weinert and Hartwell 1990; Weinert et al. 1994) . The decreased viability of hhfl-10 rad9 double mutants indicates that these cells experience actual damage. Thus, it is unlikely that hhfl-10 is initiating a signal and activating the RAD9 pathway in the absence of any real DNA damage. This conclusion is supported by the activation of UBI4 in hhfl-10 cells. Although it is possible that this is a direct effect of the H4 mutation on UBI4 transcription, and not an indirect result of damage, this is unlikely. The known transcriptional functions defined for domain A are in gene activation and not gene repression; that is, mutants like hhfl-10 fail to activate transcription of certain regulated genes (Durrin et al. 1991) . Thus, the induction of UBI4 expression in hhfl-lO is opposite to the effect expected for a direct transcriptional effect.
The increase in DNA damage in hhfl-10 is consistent with observed defects in several global parameters of genome stability. As with other domain A phenotypes, this aneuploidy is suppressed by the lysine insertion mutants (Fig. 7) . Domain A acts to maintain genome integrity through a novel lysine-dependent mechanism. The mutational analysis argues against a conventional signaling mechanism involving specific protein-protein recognitions. The 4 lysine residues in domain A are in different local contexts; the sequence around Lys-5, -8, and -12 is G-K-G, whereas around Lys-16 it is A-K-R. Nevertheless, each of these lysines is individually sufficient for function. Furthermore, artificial lysine insertions at abnormal positions are able to restore function to hhfl-10 despite the disruption of the primary amino acid sequence. This contrasts with domain R in which amino acid insertions and deletions are not tolerated . The finding that arginine cannot replace lysine for function makes a simple positive charge model unlikely, and suggests that domain A relies on properties specific to lysine. An attractive candidate for this property is the reversible acetylation known to be targeted to these lysines and that results in alternate positively charged and uncharged states. Because arginine cannot be acetylated, substitution mutations are permanently charged, whereas glutamine and other neutral substitution mutations are permanently uncharged. Thus, unlike lysines, neither would be able to mediate functions that require charge modulation. At present there is no direct evidence to implicate acetylation in domain A function, and a test of this model must await the identification of the relevant histone acetyl transferase and deacetylase genes.
The results reported here are most consistent with a model in which the lysines in domain A determine dynamic alterations in chromatin structure (Manning 1978; Allan et al. 1982; Widom 1986; Clark and Kimura 1990; Garcia-Ramirez et al. 1992) . Mutations affecting these structural determinants could affect DNA integrity indirectly through aberrant gene transcription. For example, if the hhfl-lO mutant failed to fully activate expression of genes necessary for DNA replication, this could lead to increased DNA damage and induction of the RAD9-dependent checkpoint pathway. However, perhaps the simplest model is one in which defective chromatin structure contributes directly to the loss of DNA integrity. One step that might be particularly vulnerable to domain A mutations is chromatin assembly. The assembly of nucleosomes is concomitant with DNA replication, and both in vivo and in vitro experiments have shown that newly synthesized histone H4 is diacetylated when deposited on replicated DNA (Ruiz-Carrillo et al. 1975; Jackson et al. 1976; Allis et al. 1985; Smith and Stillman 1991; Sobel et al. 1995) . Shortly after deposition, the acetyl groups on H4 are removed (Allis et al. 1985; Lin et al. 1989) . If H4 deacetylation is prevented by the addition of sodium butyrate, the nascent chromatin remains sensitive to attack by nucleases and has a reduced capacity for the formation of higher order chromatin structures (Perry and Annunziato 1991) . Thus, if mutants in domain A are unable to form mature nucleosomes efficiently, the resulting chromatin may be more susceptible to endogenous nucleases or to damage from torsional stresses. This direct structural model makes several predictions. If domain A acts to modulate higher order chromatin structure, then mutants should exhibit defects in the dynamics of chromatin compaction. Moreover, if the damage-sensitive steps occur during chromatin assembly, then the DNA damage induced in hhfl-10 should be coupled to nucleosome deposition and DNA replication. Further experimentation to test these predictions should help expand our understanding of how the histones function to maintain genome integrity.
Materials and methods

Bacterial and yeast strains
Escherichia coli host strains JM83 M15] (Yanisch-Perron et al. 1985) and DH5c, [F'/endA1 hsdR17 (r[xu-K rn(~ ) (Kunkel et al. 1987) .
The yeast strain A(HHT2-HHF2) pMS329] (Megee et al. 1990 ) was the host strain used in the integration protocol described below.
Reagents and media
The media used for bacterial and yeast growth have been described previously (Sherman et al. 1979) . Restriction endonucleases were purchased from New England Biolabs (Beverly, MA), Bethesda Research Laboratories (Gaithersburg, MD), and Boehringer Mannheim Biochemicals (Indianapolis, IN). Vent polymerase was purchased from New England Biolabs. 5-Fluoro-orotic acid (5-FOA) was purchased from PCR Incorporated (Gainesville, FL).
Oligo-directed mutagenesis and DNA sequencing
Oligo-directed mutagenesis was performed by the method of Kunkel (1985) . A 476-bp RsaI restriction endonuclease fragment encoding the copy-I H4 gene was cloned into the HincII restriction site of M13mp7 to provide a source of single-stranded template for oligo-directed mutagenesis. Derivatives containing the desired base-pair substitutions were identified by direct DNA sequencing of individual phage isolates. DNA sequencing was done by the dideoxy method described previously (Sanger et al. 1977) using Sequenase enzyme purchased from U.S. Biochemical (Cleveland, OH).
Integration of histone mutants
The yeast S. cerevisiae contains two nonallelic histone H3 and H4 loci referred to as copy-I and copy-II. Each locus is composed of one H3 gene and one H4 gene (Smith and Andr6sson 1983) .
The copy-I genes are designated HHT1 and HHFI for histone H3 and H4, respectively, whereas the copy-II genes are designated HHT2 and HHF2. Deletion of either gene pair results in viable cells, but the deletion of both gene pairs is lethal (Smith and Stirling 1988) . The host strain MX4-22A used in the strain constructions is deleted for both the copy-I and copy-II gene pairs and is rescued for the deletions with pMS329, a plasmid carrying the wild-type copy-I H3 and H4 genes, the yeast selectable marker URA3, a centromere (CEN4), and an autonomously replicating sequence (ARS) (Megee et al. 1990 ). To provide homologous DNA sequences for targeted integration of histone H3 and mutant H4 genes, the polymerase chain reaction (PCR) was used to amplify 1-kb sequences flanking the chromosomal deletion end points at the copy-I locus (Smith and Stirling 1988) .
HHTl-hhfl cassettes generated by oligo-directed mutagenesis were then cloned between the two regions of homology. MX4-22A was cotransformed (Ito et al. 1983; Gietz and Schiestl 1991; Gietz et al. 1992 ) with DNA-encoding reconstituted mutant copy-I loci and pRS315 (Sikorski and Hieter 1989) as a means for selecting transformants. The transformants were then replica plated to synthetic media containing 5-FOA to screen for cells that had lost pMS329, which carries wild-type H3 and H4 genes (Boeke et al. 1984) . Proper integrants were identified by hybridization (Southern 1975 ) of a 6.7-kb HindIII fragment encoding the copy-I locus (Smith and Murray 1983) to genomic DNA prepared from 5-FOA-resistant colonies.
All mutants described in this report were also analyzed by a plasmid shuffle protocol described previously (Boeke et al. 1987; Megee et al. 1990 ). In every case the cell cycle progression phenotypes in both the plasmid-bearing and integrated strains were essentially identical. The plasmid was reisolated from each shuffle strain and the H4 gene was resequenced to confirm the presence of the desired base substitutions and the absence of any other change.
RAD9 and BUB2 disruptions RAD9 and BUB2 gene disruptions were constructed using a one-step gene disruption (Orr-Weaver et al. 1981; Rothstein 1983 ). To construct RAD9 disruptions, strains were transformed with NotI-digested pTW031 DNA (&rad9::LEU2) (Weinert and Hartwell 1990) . Leucine prototrophs were then scored for their sensitivity to a 64.5-krad exposure from a ~37Cs source (Neff and Burke 1992) . In the case of a rad9 disruption constructed in the hhfl-lO strain, a URA3 CEN/ARS plasmid carrying the wild-type copy-II H4 gene (pMS339) (Chen et al. 1991) was introduced into the strain before the disruption was made in the event that the disruption produced a synthetic lethality. Radiation-sensitive isolates were then grown on 5-FOA to screen for cells that had lost the URA3 plasmid carrying the wild-type H4 gene. The presence of a rad9 disruption in radiation-sensitive transformants (and the absence of pMS339 in the case of the hhfl-10 strain) was confirmed by Southern blot analysis of genomic DNA.
To construct B UB2 disruptions, strains were transformed with SacI, ClaI-digested pTR24 (bub2::URA3) (Hoyt et al. 1991) . Uracil prototrophs were then scored for their recovery from a 20-hr exposure to 70 ~g/ml of benomyl as compared to recovery from a 20-hr incubation on an agar-only substrate (Hoyt et al. 1991) . Similarly, in the case of a bub2 disruption constructed in the hhfl-lO strain, a LEU2 CEN/ARS plasmid carrying wild-type copy-I H3 and H4 genes (pMS337) (Megee et al. 1990 ) was introduced into the strain before the disruption was made for the same reason given above. Uracil prototrophs were then grown on rich media and colonies were screened for leucine auxotrophy, indicating that pMS337, carrying wild-type histones H3 and H4, was lost. The presence of a bub2 disruption in benomyl-sensitive strains (and the absence of pMS337 in the case of the hhfl-lO strain) was confirmed by Southern blot analysis of genomic DNA.
Isolation of RNA and Northern blot analysis
Total RNA was isolated from exponentially growing strains as described (Keleher et al. 1992) , resolved on 1% formaldehydeagarose gels, and transferred to nitrocellulose by capillary blotting. Radiolabeled probes were prepared by the method of Feinberg and Vogelstein (1983) . Ubiquitin-specific sequences were isolated as a 240-bp EcoRI-HindIII fragment of UBI4 from pUB 1 (Ozkaynak et al. 1984) . As a control for UBI4 induction, cells were treated with 4-NQO (Sigma) at a final concentration of 1 g.g/ml for the time periods indicated. As a control for equal loading, a 609-bp fragment of the carboxypeptidase Y (PRCI) gene was generated by PCR using the forward oligonucleotide primer 5'-ACTGTCGCCGCTGGTAAG-3' and the reverse primer 5'-CTTCATCCAATCACCCGC-3'.
Growth analyses and flow cytometry
The growth of cells in liquid media was monitored by cell counts using a Coulter model ZM particle counter. To measure plating efficiencies, liquid cultures were grown at 28~ to -1 x 10 z cells/ml in YPD media, sonicated to generate singlecell suspensions, and counted using the particle counter. Serial 1:10 dilutions were made to 1 x 103 cells/ml, and aliquots were plated in triplicate on YPD, and incubated at 28 ~ C. Colonies were counted after a 2-to 3-day incubation. Flow cytometry was performed on cells fixed in ethanol and stained with propidium iodide as described previously (Megee et al. 1990 ) using a FACScan fluorescence-activated cell sorter (Becton and Dickinson). The propidium iodide was excited with a 15-mW laser source at 488 nm.
UV damage response
Exponentially growing cultures of isogenic HHF1 and hhfl-lO strains were adjusted to l xl07 cells/ml in YPD. Cells were blocked at nuclear division by 3 hr of incubation at 24~ in the presence of nocodazole at a concentration of 15 }xg/ml (Jacobs et al. 1988) . After arrest, cells were washed twice in ice-cold sterile water, resuspended in water at 1.7x 107 cells/ml, and kept on ice. For UV treatment, aliquots of 10 ml were placed in 90-mm plastic Petri dishes and exposed using a Sylvania GST5 germicidal lamp placed 12 or 18 inches above the cells. Pairs of dishes, one for HHFI and one for hhfl-10, were exposed side-by-side for 15 sec with continuous agitation. Treated cells were kept in the dark, pelleted, resuspended in YPD medium, and incubated at 28~ The cultures were sampled at time intervals, stained with DAPI (Smith 1991) , and scored for the percentage of cells arrested as large budded cells with a single nucleus.
Cold Spring Harbor Laboratory Press on August 27, 2017 -Published by genesdev.cshlp.org Downloaded from
